Voltage-biased solid-state nanopores are well established in their ability to detect and characterize single polymers, such as DNA, in electrolytes. The addition of a pressure gradient across the nanopore yields a second molecular driving force that provides new freedom for studying molecules in nanopores. In this work, we show that opposing pressure and voltage bias enables nanopores to detect and resolve very short DNA molecules, as well as to detect near-neutral polymers.
Charged single molecules of DNA can be detected and characterized with a voltage-biased solidstate nanopore immersed in an electrolyte solution. 1 This has stimulated intense research towards understanding and utilizing this nano-device for the analysis of a wide variety of charged polymer molecules. [2] [3] [4] [5] [6] [7] Recent success using protein-based nanopores in lipid membranes for DNA sequencing, 8-11 after many years of effort, is an encouraging indicator of the potential scientific and commercial impact of nanopore devices. Nanopore single-molecule detection is currently based on the dual role played by a voltage bias induced electric field near the nanopore. This field induces charged polyelectrolyte molecules to approach and pass through the nanopore, and it provides a measurable ionic current that is sensitive to the presence and nature of the molecule while in the pore. This method has limitations. First, very short, highly charged polymers like DNA pass through the pore so quickly that their lengths cannot be resolved or, in the worst case, their presence not even detected.
Secondly, molecules of little or no charge are not even attracted to uncharged pores and hence will not be detected.
We show here that a pressure-induced fluid flow, in and near the nanopore, provides an additional force to control the motion of the molecule through the pore. This pressure-derived force, combined with the voltage bias, enables solid-state nanopores to detect and characterize very short molecules, near-neutral molecules, and molecules with varying charge polarities (e.g. proteins) along their length. For uniformly charged polymers like DNA, the pressure-derived force can be countered by the voltage-derived force to slow the molecule motion without reducing the ionic current signal. Below, we present model predictions that inspired the experiments we performed, and experimental data that show the role of applied pressure on DNA translocation in voltage-biased nanopores. We also demonstrate the ability to detect and resolve short DNA molecules using pressure-voltage force balancing. Finally, we show the use of pressure to detect and characterize near-neutral single molecules with a nanopore. We finish with a discussion summarizing and expanding on the new capabilities arising from the use of pressure in nanopore devices. Figure 1a shows the configuration of a conventional voltage-biased nanopore experiment augmented by an applied pressure differential across the nanopore and its membrane. The passage ("translocation") of individual DNA molecules through the nanopore is monitored by the change in the ionic current during its passage. Nanopores were fabricated in freestanding membranes of 80-nm thick low stress silicon nitride by focused electron beam drilling. 12 The nanopore was mounted in a fluidic cell, capable of withstanding several atmospheres of applied pressure. The membrane containing the nanopore separated two electrically isolated electrolytefilled reservoirs in the cell. The electrolyte was 1.6 M KCl buffered at pH 9 by 10 mM tris buffer, unless specified otherwise. Divalent ions were complexed by 1 mM EDTA to prevent DNA conglomeration and surface adhesion. DNA was injected into one side of the sample cell, which was subsequently brought to the desired pressure by regulated compressed air or nitrogen.
The other side of the cell was left open to the atmosphere. The pressure drop across the membrane is denoted as ∆P. External electronics providing voltage bias and current sensing were coupled to the electrolyte reservoirs with Ag/AgCl electrodes. All voltages are referenced to the grounded electrode on the high-pressure side of the cell. In this configuration, positive pressures and voltages both facilitate translocation of DNA introduced on the grounded side of the cell, while negative pressures and voltages retard translocation. More details of the experiments can be found in the Methods section. Figure 1b presents the computer modeled forces on a DNA molecule, assumed parallel to the axis of the pore, vs. its radial distance from the pore center. The calculations refer to a pore of 10 nm diameter immersed in 1.6 M KCl at pH 9 and are performed using the Poisson-Boltzmann-Navier-Stokes approach described previously 13 , augmented by appropriate pressure boundary conditions far from the pore. Included are predictions for voltage-derived forces (including the viscous effects of electroosmotic flow 14, 15 ), pressure-derived viscous forces due to induced fluid flow, and a combination of the two. The voltage-derived forces increase near the pore walls because the electroosmotic flow around the molecule, which reduces the net force, is suppressed by the no-slip boundary conditions on the pore walls. Clearly modest applied pressures (∆P ~ 1 atm) should have a dramatic effect on DNA motion through the pore. The maximum of the parabolic pressure force is predicted to be proportional to the square of pore radius, as expected from Poiseuille flow. By contrast, voltage-derived forces do not depend strongly on pore size; for a 10 nm pore, a change in pore size of 25% results in only a slight decrease (11%) of the voltagederived force. 13, 15 Figure 2a shows an experimentally obtained density histogram of ionic current blockage vs. translocation event durations for 3.27 kbp double-stranded DNA (dsDNA) translocations with a bias of V = +100 mV and zero applied differential pressure, ∆P = 0. Typical current trace data are shown in Figure S1a of the Supporting Information. These data reproduce typical distributions presented previously for molecules of similar length. 16 The nanopore diameter was ~10 nm and the conductance was 67 nS in the 1.6 M KCl electrolyte used for all the experiments in this work. The rms noise level was 10.9 pA at V = 100 mV. All noise levels are deduced from current noise power spectra integrated from 200 Hz and 40 kHz, as shown in Figure S2 .
Molecules were captured at an average rate of 50 per minute.
To demonstrate the role of pressure in molecule translocation, we then applied ΔP = 2.40 atm and V = -90 mV across a pore of 43 nS conductance. Typical data are shown in Figure S1b . The rms noise level at V = -90 mV was 10.7 pA. The results are shown in Figure 2b . In this case the molecules pass through the pore only because the pressure-derived force exceeds the opposing voltage-derived force. The average speed of the DNA through the nanopore for these conditions is an order of magnitude lower than in the conventional voltage-driven result reported in Figure   2a , while the capture rate of 10 events per minute is about a factor of 5 lower. This factor of 2 for the ratio of the reduction in the capture rate to the reduction in average speed is typical for these experiments. The mean translocation time for unfolded events, selected as previously described, 17 increases from 115 to 950 s, as shown in the distributions in Figure 2c . Further attempts to balance the pressure-and voltage-derived forces have resulted in additional slowing, up to a factor of about 20. When the net force is reduced by this amount, stochastic effects become significant. The result is a complex trapping behavior near the pore that will be presented elsewhere.
One notable difference between the density histograms shown in Figure 2a and Figure 2b is the behavior of "folded events," which have higher average current blockage than unfolded events. 5
In the voltage-only translocation experiment shown in Figure 2a , the molecules that are captured from a fold at their center go through the nanopore in approximately half the time of the unfolded molecules. This occurs because the force in the nanopore is positive over the entire cross-section of the pore (see Figure 1b ), and the average force on the two strands is approximately double that of a single strand. The drag of two strands is also double that of one, but the length is half as long, so the translocation time is about half that of the unfolded molecules. Figure 2b , on the other hand, shows that in a nanopore biased with both pressure and voltage, the translocation times of folded molecules are as long as or longer than those of unfolded molecules. This occurs because the direction of the net force reverses if the molecule departs significantly from the axis of the pore (see Figure 1b ). When two DNA strands are in the pore, they repel each other such that one or both are always likely to be displaced from the pore axis. In the case where the pressure-and voltage-derived forces are well balanced, the net force on the two strands may thus be less than that on a single strand. This slows translocation of folded molecules, resulting in the observed increased translocation times for folded molecules.
One of the advantages of slowing molecule motion with pressure in the presence of a high opposing electric field is the ability to detect and resolve the lengths of much shorter molecules in a solid-state pore than has previously been possible. When translocating molecules using only a voltage bias, the difficulty of resolving short molecule lengths comes from the poor signal to noise connected with the high bandwidth needed to resolve short blockage signals. In Figure 3a , we show the density histogram for translocation of only 615 bp dsDNA molecules in a nanopore of conductance 60 nS, using ∆P = 2.44 atm and V = -100 mV. The rms noise level was 11.9 pA at V = -100 mV.
In Figure 3b , we resolve a mixture of 615 bp and 1.14 kbp dsDNA molecules in a nanopore of conductance 43 nS, using ∆P = 2.56 atm and V = -100 mV. The rms noise level was 15.8 pA.
The peak separation of about 70 µs is significantly greater than the peak widths (about 40 µs), all determined from weighted least-squares fits of two Gaussians (χ 2 = 1.07). Detection of such short molecules has previously been possible in voltage-driven translocation experiments only in the case of molecule slowing by strong and highly fluctuating interactions with the pore walls 18 that yield extremely broad time distributions, preventing accurate length discrimination or resolution.
Another advantage of using a pressure bias to capture molecules is the ability to study neutral molecules. We explored the detection and characterization of nominally neutral polyethylene glycol (PEG) with a nanopore, and we were surprised to discover that the molecule appears to carry a small positive charge. The evidence for this was that for ∆P = 1.03 atm and V = -100 mV, we observed no events distinguishable from noise, but when the voltage bias was reversed to +100 mV translocation events were easily observed and resolved (Figure 4 inset). This can be understood if the translocation times were shorter than the time resolution of our electronics for the negative bias, so the molecule's speed could not be resolved. However, for the positive bias, pressure-derived and voltage-derived forces were now nearly balanced and the molecule was slowed enough so its signal could be resolved. We conclude that PEG must carry a small positive charge. Figure 4 From the ionic conductance of the pore we deduce its radius to be 4.0 nm, assuming that the pore has a conical shape such that it is equivalent to a cylindrical pore of length 30 nm. 20 This radius is about the same as the radius of gyration of 12 kDa PEG (3.2 nm, based on a monomer length of 0.35 nm and a persistence length of 0.38 nm 21 ), so the polymer should occupy a significant fraction of the cross-section of the pore. Assuming that the polymer completely blocks fluid flow through the nanopore, the entire pressure drop, We note that a positive charge on PEG has also been reported from studies using protein nanopores. 24, 25 The very different physics and experimental conditions involved make it difficult to relate these measurements to those reported here.
Finally, we wish to comment on the utility of pressure-driven translocation for speed control in various applications. A number of speed control mechanisms for DNA have been implemented in solid state nanopores. 16, 18, 26, 27 The pressure method combines many of the best qualities of these, in that the equipment is inexpensive, the translocation time distributions are narrow, the dynamic range is larger than an order of magnitude, and the capture rate is unaffected. Like all strategies for slowing by reducing the net force on the DNA molecule, however, this technique is subject to the thermal fluctuations described previously. 17 We therefore expect that forcebalanced translocation will find more application in the detection of small molecules, including discrimination among populations of proteins or short DNA strands.
The data and discussion presented above demonstrate that modest pressures applied to a voltage-biased nanopore greatly extend their utility as single molecule detectors by enabling neutral molecule capture and detection, as well as control of molecule translocation speeds through the pore. We demonstrate nearly an order-of-magnitude improvement in length discrimination, which can be further improved in combination with other methods. This broader range of detectable molecule sizes, charge states, and spatial conformations considerably expands the applicability of nanopore detection technologies. In particular, we anticipate these advances to be important for single-molecule studies of a wide array of proteins. Refined experiments should also allow the accurate determination of the macromolecule charges in the nanopore. Perhaps the greatest current challenge to the routine practical application of the methods demonstrated in our work is the lack of control and understanding when direct chemical interactions between translocating molecules and the wall of the nanopore are important. While these interactions still allow detection of molecules using these methods, they limit the effective lifetime of the nanopore and thereby the amount of data that can be collected. Nanopores in well characterized, or functionalized, membranes may enable these forces to be used to greater advantage in the art of nanopore science.
Methods. Nanopore fabrication. Thin films of 2 µm wet thermal silicon oxide and 100 nm DNA translocation measurements. Each sample was mounted in a sealed cell such that the freestanding membrane containing the nanopore separates two electrically isolated reservoirs of 1.6 M KCl maintained at pH 9 by 10 mM Tris and 1 mM EDTA buffer, unless otherwise specified. The cell was capable of withstanding several atmospheres of internal pressure. Using estimates of the Young's modulus and yield strength of silicon nitride as 300 GPa and 0.6 GPa, 28 respectively, we estimate that the thin membranes are capable of withstanding over 40 atm of pressure without mechanical failure. 29 As discussed above, however, the pressures required to offset a given voltage is proportional to the square of the pore radius. Because an exceptionally robust flow cell is required to apply the high pressures required for small pores, we use relatively large (10 nm) pores and modest pressures for this preliminary work. Pressure was applied to either side of the nanopore using a regulated tank of compressed nitrogen or regulated compressed air; the pressure was read using a pressure meter with a nominal precision of 0.5% (about 0.01 atm). The opposite side of the membrane was maintained at atmospheric pressure (see Figure 1a ). DNA was diluted to about 2 ng/µL in the buffer solution and introduced into the sample cell, which was then sealed so pressure could be applied. 
S1. Representative data
Here we present current traces and typical events for the data in Figure 2a and 2b. Figure S1 . (a) A section of the current trace used to generate the density histogram in Figure   2a , with typical events. (b) A section of the current trace used to generate the density histogram in Figure 2b , with typical events.
S2. Noise considerations
Here we present a noise power spectrum for the data presented in Figure 2b . All data were hardware filtered with an 8-pole low-pass Bessel filter at 40 kHz (except for the PEG experiments in Figure 4 , which were filtered at 20 kHz) and digitized at 250 kHz. Because different experiments were done at different gain levels, all data presented in the paper are software filtered with an 8-pole low-pass Bessel filter at 80 kHz (well above the amplifier bandwidth), to remove unwanted high-frequency components. This allows more meaningful comparison of the noise levels shown in current traces and sample events. In addition, to standardize the comparison of noise levels in different pores, all rms noise levels are calculated by integrating the current noise power spectrum between 200 Hz and 40 kHz, as shown in Figure S2 
